ABSTRACT: Research into global hot spots of dust emission has focused on exposed fine-grained sediments in palaeo-or ephemeral dryland lake basins including Etosha (Namibia) and Makgadikgadi (Botswana) in southern Africa. Namibia's western ephemeral river valleys are also known to produce dust but have remained largely overlooked as a regionally significant source. Nutrient enrichment of valley sediments and proximity to the South Atlantic suggests aeolian dust could play an important role in ocean fertilization. The fertility of valley dust is dependent on fluvial sediments originating in the upper catchments on the Southern African Central Plateau. In this study we investigate climate, geology, vegetation and land use variability and how these may influence the nitrogen, phosphorus and iron availability in the catchments. We intensely sampled the Huab, Kuiseb and Tsauchab river systems to map the spatial distribution of nutrients from upper catchments to river termini. Samples were analysed for the bioavailable fractions of iron, nitrogen and phosphorus as well as total nitrogen and phosphorus. Results show that the lower valley reaches are sources of aeolian dust enriched in nutrients. Nitrogen levels correlate with precipitation and vegetation levels and phosphorus levels with geology. However, differences in upper catchment sediment nutrient levels were not representative of downstream nutrient differences between valleys. Rather, it is the hydrological and geomorphological processes of the ephemeral river systems that are key for producing the enriched sediments in the lower reaches. We demonstrate that the ephemeral river valleys of western Namibia are an extensive and enriched source of mineral dust that could play a critical role in marine productivity of the southern Atlantic.
Introduction
Terrestrial primary productivity is lowest in the world's deserts and arid lands (Hadley and Szarek, 1981; Potter et al., 1993) . This low productivity is principally due to a lack of water (Went and Westergaard, 1949; Juhren et al., 1956) , followed by either a nitrogen (N) limitation (Noy-Meir, 1973; West and Skujins, 1978; Gutierrez and Whitford, 1987) , phosphorus (P) limitation (Charley and Cowling, 1968) , or a combination of both (Vitousek et al., 2010) . These regions also serve as major global sources of mineral aerosols that, upon deposition, fertilize ocean waters. Marine primary production is constrained to the photic zone of surface waters (Tett, 1990) and is limited by nutrient availability (Moore et al., 2013) . The latter is alleviated by the introduction of nutrients through the upwelling of deep waters rich in dissolved nutrients (Capone and Hutchins, 2013) , fluvial discharge of both dissolved and sediment particle-adsorbed nutrients (Poulton and Raiswell, 2002; Syvitski, 2003) and the deposition of mineral aerosols and their adsorbed nutrient load (Mahowald et al., 2009; Jickells and Moore, 2015) . The growth-limiting nutrients of primary importance in marine waters are widely agreed to be the micronutrient iron (Fe) (Jickells et al., 2005; Cassar et al., 2007; Quéguiner, 2013) as well as N (Falkowski, 1997; Herut et al., 2002; Bracken et al., 2015) and P-based (Codispoti, 1989; Filippelli, 2008; Gross et al., 2015) macronutrients. The relative importance of each nutrient for ocean fertilization depends on the biogeochemical conditions and phytoplankton community species composition in the depositional waters (Tilman et al., 1982; Hecky and Kilham, 1988) , which varies geographically and seasonally (Edwards et al., 2013; Cetinić et al., 2015) .
Desert dust is known to transport each of the photosynthesisdependent N and P macronutrients as well as the biologically essential, and terrestrially abundant, mineral iron (Fe) to phytoplanktonic communities (Krishnamurthy et al., 2010; Okin et al., 2011) . Importantly, it is areas of exposed alluvial and lacustrine material within deserts and dryland environments that provide hot spots of dust emission (Prospero et al., 2002; Jickells et al., 2005) . Macronutrients and iron concentrated in the wind-erodible sediments of ephemeral river valleys in deserts may therefore provide an important source of fertilizing material where aeolian dust is deposited in oceans.
Ephemeral rivers act as conduits of water and fluvially transported nutrients (Laronne, 1993; Skoulikidis and Amaxidis, 2009; Harms and Grimm, 2010 ) through deserts and arid landscapes. These support corridors of microbiological activity (Belnap et al., 2005) and increased levels of primary production biomass (Steward et al., 2012) . When floodwaters dissipate due to infiltration and evaporation (Seely et al., 2003; Dahan et al., 2008) , the sediment and nutrient loads of ephemeral rivers are deposited along valley floodplains (Reid and Laronne, 1995) and river channels (Stear, 1985; Abdullatif, 1989) and become susceptible to aeolian entrainment and transport. The macronutrients and minerals in these fluvial sediments are representative of the chemical and physical properties of the upstream river and watershed environment (Haddadchi et al., 2013) and sub-catchments (Franz et al., 2013) . The biogeochemistry of alluvial sediments can be influenced by: catchment geology (Collins et al., 1998) ; land use activities including agriculture (Wijdenes et al., 2000) and livestock grazing (Wilkinson et al., 2013) ; industrial activities (e.g., Binning and Baird, 2001; Cheung et al., 2003; Yi et al., 2011) ; and point-source pollution such as urban sewer or agricultural waste (Ruiz-Fernández et al., 2002) . In remote regions, catchment geology and land use are likely to be the primary determinants.
In Namibia, 12 ephemeral river valleys cross the arid to hyperarid Namib Desert east to west (Jacobson et al., 1995) , their annual or multi-annual flow events sometimes only lasting a few days (Stanistreet and Stollhofen, 2002) . Flow events are a result of precipitation in the upper catchments, located atop the southern African plateau 200-300 km inland (Svendsen et al., 2003) . The majority of annual rainfall occurs between January and March , though the Namib Desert itself receives virtually zero rainfall due to the cold offshore Benguela Current in the adjacent Southern Atlantic Ocean (Lancaster, 1984; Vogel, 1989) . As a result, the majority of Namib Desert biota are reliant on fog capture for their water needs (Henschel and Seely, 2008) .
The ephemeral river valleys represent rather different environments and habitats compared to the rest of the desert. Infrequent flows provide enough moisture to support corridors of flora and fauna not found elsewhere in the desert (Cowlishaw and Davies, 1997; Jacobson et al., 2000) . Flood events are known to deposit nutrient-enriched sediment along the valleys (Jacobson et al., 2000; Morin et al., 2009) . Further, remote sensing analyses have shown the lower valleys to be major emitters of dust plumes over the southern Atlantic (Eckardt and Kuring, 2005; Vickery et al., 2013 ). Namibia's offshore waters are dominated by the Benguela Upwelling System, where the vertical transport of macronutrient-rich waters can create nearshore Felimited conditions, as are found in the high-nutrient, lowchlorophyll (HNLC) waters of the open ocean (Bruland et al., 2001; Hutchins et al., 2002; Capone and Hutchins, 2013) . Further offshore from the Namibian coast (at À13.3°N, 0.0°E), ocean waters have been shown to be co-limited by Fe and N (Moore et al., 2013) . N limitation can be alleviated either through the direct input of bioavailable N compounds, or through P and Fe where these nutrients are limiting microbial nitrogen fixation (Mills et al., 2004) . Therefore, in the case of phytoplanktonic growth off Namibia's coast being either Fe limited or P + N limited (e.g., Tyrrell, 1999) , or a combination of both (e.g., Bracken et al., 2015) , then these conditions could be mediated by aeolian deposition of mineral aerosols from Namibia's river valleys. Dansie et al. (2017) have shown that surface sediments in the dust-emitting regions of the lower valleys contain Fe, N and P concentrations that are significantly higher than in surface sediments from southern Africa's major pan emission sites: Etosha and Makgadikgadi. The river valleys are therefore considered to provide a significant aeolian contribution to ocean fertilization. Sediments in the dust-emitting lower valley regions were shown to be heterogeneous in both their sediment particle size and nutrient characteristics . Given that these sediments are a function of historical and contemporary flows sourced in upper catchments, it is pertinent to suggest that the catchments themselves, and the variability within and between them, may play an important role in influencing the nutrient composition of sediments in the lower river valleys. Previous studies of nutrient variability in the Namib are limited, but it has been noted that N and P are deficient in Namib Sand Sea sediments (Seely and Louw, 1980) , while levels of mineral Fe are highly variable in the same system (White et al., 2007) . This can be at least partially explained by location on the region's climatic gradient, due to the role of moisture in mobilizing iron (White et al., 1997; Walden et al., 2000) .
The purpose of this paper is to investigate the variability of surface sediment N, P and Fe concentrations in the catchments of Namibia's ephemeral valleys and assess how these may influence the fertility of dust source sediments in the lower valley regions. The study was carried out through investigation of the spatial distribution of N, P and Fe from the upper catchments to the termini in three ephemeral river valleys in western Namibia. We further evaluate relationships between N, P and Fe in the sediments of the river catchments that differ in aspects of climate, land use, vegetation and geology.
Study Sites

Regional setting
The Namib Desert runs N-S along the western extreme of Namibia, extending for 2000 km from Angola to South Africa (Heine and Heine, 2002) . The~1000 m high Great Escarpment (Morin et al., 2009 ) runs parallel to the coast 100-150 km inland (see Figure 1) , and serves as the eastern border for the Namib Desert and the beginning of the expansive central plateau of southern Africa (Goudie and Eckardt, 1999) . The 12 E-W aligned ephemeral rivers (Table I) have watersheds ranging in size from 30 100 to 2200 km 2 with the river channels extending inland for 80 km (Khumib River) to 460 km (Ugab River). Ten of the river systems reach the Atlantic Ocean, whereas the two southern-most channels, the Tsondab and Tsauchab, terminate within the Namib Sand Sea. The W-E precipitation gradient ranges from 0 to 25 mm average annual rainfall at the coast to over 500 mm at 400 km inland (Jacobson et al., 1995) (Figure 2a ). On the central plateau and highlands above the escarpment, precipitation is sufficient to support the accumulation of thin veneers of colluvium on hillslopes (Bierman and Caffee, 2001 ) and increased vegetation cover (Hachfeld et al., 2000; Okitsu, 2005) , supporting a larger animal grazing density (Ward et al., 2004) . This in turn maintains commercial and communal farming areas (Leggett et al., 2003a) within upper river catchments (Figures 2b, 2c and Table I ).
Research Design
Field sites
Three valleys that had previously been identified as significant emitters of aeolian dust (Vickery, 2010; Vickery et al., 2013) were investigated. The similarly sized (Table I) Huab and   564 A. P. DANSIE ET AL.
Kuiseb catchments (14 800 and 15 500 km 2 respectively) and the smaller Tsauchab (4000 km 2 ) encapsulate differences in precipitation range, vegetation, geology and land use intensities shown in Figure 2 . The Huab and Kuiseb receive similar precipitation along the W-E rainfall gradient,~350 mm annually, whereas the Tsauchab catchment only receives a maximum of 150-200 mm in the most easterly extent of the catchment (Figure 2a) . The Huab and Kuiseb systems both terminate at the Atlantic, while the drier and smaller Tsauchab system terminates in the Namib Sand Sea (Figure 1) .
Broadly, the vegetation in the upper catchments above the escarpment comprises sparse woodlands and grasslands associated with arid environments (Jacobson et al., 1995; Burke and Strohbach, 2000) . The vegetation assemblages in the upper Table I . Namibia ephemeral river catchment overview (area calculated using Atlas of Namibia (2002) Figure 2b ) with the drier Tsauchab predominantly supporting dwarf shrub savannah comprising Acacia hereroensis and Combretum apiculatum. The Huab and Kuiseb western highlands ( Figure 2b ) are dominated by Acacia reficiens and Commiphora species, before giving way to Mopane-dominated savannah of the Karstveld in the Huab and in the Kuiseb, highland shrubland dominated by the same species as the dwarf shrub savannah of the Tsauchab. Below the escarpment, the southern and central desert vegetation (Figure 2b ) are similarly sparse and dominated by lichens outside of the ephemeral river channels that host stands of large trees (Jacobson et al., 1995) .
Freehold ownership of agricultural land is common to all three catchments (Figure 2c ), with agricultural influences seen in the majority of the Tsauchab and eastern half of the Kuiseb before reaching the state-protected southern and central desert ecosystems. Agriculture in the Huab catchment is undertaken on both freehold and communal land, with both forms revolving around livestock husbandry, predominantly cattle (Jacobson et al., 1995) . Namibian studies have shown that significant impact on vegetation density and composition can be caused by cattle density in areas surrounding artificial watering points (Katjiua and Ward, 2007) . However, land use and cattle grazing in the Hoanib catchment was overall found not to influence vegetation abundance, with rainfall being the primary determinant (Leggett et al., 2003a (Leggett et al., , 2003b . It is not yet known whether any of these factors affect nutrient composition of sediments downstream.
The majority of the ephemeral river catchments are located atop Damara sequence rocks laid down 850-500 Ma, intermixed with Damara granite intrusions (see Figure 2d ) (Jacobson et al., 1995) . The Kuiseb catchment consists almost entirely of such Damaran geology (see Figure 2d ). The Huab upper catchment predominantly consists of granite and gneisses and Epupa, Huab and Abbabis Metamorphic Complexes (termed 'oldest rocks' in Figure 2d ) from 2600 to 1650 Ma (Jacobson et al., 1995; Atlas of Namibia Project, 2002) . In the south, the Tsauchab upper catchment sits over the more recent (570-500 Ma) Cambrian Nama Group (Jacobson et al., 1995) characterized by sandstones, limestones and shales (Atlas of Namibia Project, 2002) . Detailed geological descriptions of the catchments can be found in Jerram et al. (1999) and Jacobson et al. (1995) .
Sampling strategy
Field sampling of catchment sediments was undertaken in the three catchments during April-August 2013, to allow subsequent analysis of N and P compounds and bioavailable Fe concentrations. Surface sediment samples were collected within the modern channels of the dust-emitting zones of the river valleys, corresponding to the lower reaches of the hydrological system (Eckardt and Kuring, 2005; Vickery et al., 2013) . Samples were similarly collected along the river channel in the midcatchments as well as in the minor tributaries and non-riverine terrain of the upper catchments of each river. A description of these lower, middle and upper regions of the hydrological system is provided in Table II . The geomorphological units targeted for sampling within the regions and their classification is further described in Table II and shown in Figure 3 . The coarse and fine channel deposits targeted in the lower and mid-system were all taken from the modern channel where signs of extant ephemeral flows were noted. Fluvial activity in the main river channels had resulted in a discernible crust of fines being present that was not seen in the tributaries. Sampling targeted this fluvial crust, when encountered, in the lower and mid system. At these locations a sample of the coarse channel sediment beneath the crust was also taken. The fine and coarse sample distinctions were retained to allow comparison of the nutrient content between these geomorphological units. In addition to the coarse and fine channel deposits targeted in all three rivers, lower-system sample locations in the Huab and Tsauchab also included samples of valley fill, i.e. mid-Holocene alluvial deposits ) that now form the valley floor through which the modern river channel is incised, (Figure 3 inset; see also Dansie et al., 2017 , for further details). Samples of fluvial fines were also taken above the marine high-water line in the coastal deltas of the Huab and Kuiseb. Upper catchment samples were taken to be representative of the climate gradient, land uses, vegetation and geologies as shown in Figure 2 , using spatial data obtained from the Digital Atlas of Namibia (2002); datasets are provided in Table III. In total, 167 samples, plus a number of field duplicates (one per 20 samples) to test reproducibility, were collected. These comprised 41 upper catchment, 36 tributary, 38 mid-system coarse/fine channel deposits and 44 lower system coarse/fine channel deposits, and eight coastal delta samples. Data from the analysis of the 44 lower system and eight coastal delta samples have also been utilized in detail in Dansie et al. (2017) in conjunction with 16 valley fill samples.
Methods
Samples were collected by trowel to obtain approximately 200 g of loose sediment to a depth of 10 mm. The more consolidated crust of fine channel deposits and clay pad/pan deposits were removed intact and their thickness was measured with a tape measure. Samples were stored in airtight bags and shipped to the UK for analysis. Samples were analysed for the bioavailable (Feng et al., 2005) , or plant-available (Haynes and Swift, 1991) , fraction of Fe. Similarly, the bioavailable fractions of P (Mehlich P) and N (nitrate (NO 3 À ) and ammonium (NH 4 + )) were determined with the addition of total P (TP) and total N (TN) to consider relationships between the bioavailable and total portions of the P and N cycles. It is important to note that bioavailable nutrient concentrations measured in source sediments are considered conservative in comparison to deposition-captured sediment that has undergone atmospheric processing during aeolian transport, known to increase nutrient bioavailability (Nenes et al., 2011; Zhang et al., 2015) .
Chemical analyses
A 40 g subset of sieved (<2 mm) samples, including field duplicates, 1 were split using a riffle box and sent to the Kansas State University Soil Testing Laboratory. The samples were dried overnight in a 50°C oven, with the exception of subsamples for iron analyses, which were air dried. Samples were then analysed 1 Chemical analysis of field duplicates showed that variation was within standard deviation for all nutrient analyses, with the exception of ammonium. All field duplicate samples had very low levels of ammonium (0.5-6.6 ppm), producing variations between field duplicates greater than the standard deviation of all samples (7.8). The results are considered suitable for interpretation. Further laboratory duplicate analysis conducted by Kansas State University confirmed the reliability of results produced. ) of surface clays (from hereon termed clay pads) pads and the terminal clay pans of the Tsauchab. 567 OCEAN FERTILISING NUTRIENTS THROUGHOUT DUST EMITTING NAMIBIAN RIVER CATCHMENTS using extraction and analysis methods taken from Brown (1998) , unless otherwise stated. The samples were processed for the analysis of bioavailable P using the Mehlich III phosphorus extraction technique; bio-available Fe 2+ and Fe 3+ (combined) using DTPA extraction followed by quantification using flame atomic absorption spectrometry (following the method described by Lindsay and Norvell, 1978) ; inorganic nitrogen NH 4 + and NO 3 À extraction using 1 M KCl (potassium chloride) and subsequent analysis in a flow analyser; total nitrogen and total phosphorus extraction using a modified Kjeldahl digestion followed by analyses in separate colorimetric reactions using a flow analyser; and soil pH using a 1:1 mixture of soil and deionized water.
Grain size
A Malvern Mastersizer Hydro 2000MU to determine sample particle size ranges and to identify the proportion of fine material that might be susceptible to aeolian erosion. Wet-dispersion grain size analysis was conducted in order to disaggregate peds and pellets to their parent sediment sizes. 3-5 g of sample was processed for salt and carbonate removal as described in Soukup et al. (2008) . Oven-dried (40°C) samples were then ground using a mortar and pestle and riffled to a range of weights from 0.011 to 4.2 g and suspended in a 1:1 solution of 50 g L À1 sodium hexametaphosphate and DI water. Samples were placed on a linear shaker and shaken for 4 h at a rate of 250 rpm, then left to stand overnight. Samples were analysed using standard Mastersizer procedures, taking three measurements per sample to allow calculation of an average value. Cleaning runs using deionized water were undertaken between each sample.
Results
Nutrient concentrations along the hydrological system
A general trend of increasing nutrient content in the fine channel deposits occurs from upper to lower parts of all three catchments (Figure 4 ). TP increases clearly down the hydrological systems, with a minimum doubling of concentrations compared to upper catchment values. TN shows a similar trend, with concentrations in the channel systems up to five times greater (in the Kuiseb, Figure 4c ) than in the catchments. In the Huab, nutrient concentrations are shown to increase in mid-system locations, more so than in the lower system for all non-phosphorus-based nutrients (Figures 4a, 4b) . In contrast to the other two valleys, the Huab passes through a topographic constriction, 85 km upstream from the mouth. A consequence of this is that fluvially deposited sediments are extensive upstream of the constriction; it is hypothesized that this acts as a barrier to flow, causing ponding and sediment deposition during flow events. It is also known that the variability and endoreic tendency of ephemeral flooding events in the 12 catchments produces a patchwork of depositional sediment along the valleys, with only the largest floods reaching the river termini (Grodek et al., 2013) . The lower Mehlich P and TP concentrations seen in the Tsauchab lower system fine channel deposits compared to the Huab and Kuiseb (Figure 4 ) could be expected in a smaller watershed where the P cycle is dominated by geological weathering rather than land use.
The coastal deltas of the Huab and Kuiseb show lower concentrations of nutrients than the fine channel deposits in the lower and mid-systems. This may be due to a damper environment because of the influence of seawater spray and inundation by storm surges, higher soil moisture content close to groundwater, and less-frequent flood replenishment from only the largest river flows. Enrichment ratios for the lower-system fine channel deposits against the other sampling classifications (Table II) were calculated according to Wan and El-Swaify (1998) for each of the studies river systems ( Figure 5 ). Nutrient enrichment is clearly increased in the lower-system fine channel deposits when compared to locations further upstream, the tributaries and ultimately the upper catchments. Of particular note is the increasing bioavailable Fe concentration in fluvial sediment down the river channels, being present in concentrations between 3.5 and 7 times the values in the upper catchments of the three rivers. Mehlich P in the Tsauchab (Figure 5c ) is the only nutrient not to demonstrate downstream enrichment compared to catchment samples.
For the fine channel deposits, nutrient enrichment is therefore shown to increase down the hydrological system of the river valleys. This contrasts strongly with the data for coarse channel deposits (Figure 6 ). Bioavailable P (Mehlich P) and TN and concentrations are between 2 and 4 and up to 8 times greater in the upper catchment compared to lower system coarse channel deposits. The remaining bioavailable nutrients (Figures 6a, 6c, 6e ) and TP (Figures 6b, 6d, 6f) are also shown to occur in higher or similar concentrations to the lower system coarse channel deposits. Data therefore suggest that nutrients are being transported downstream in an enriched fine fraction of fluvial sediments, and not in the coarse sediment load.
Spatial distribution of nutrients across the upper catchments
Upper catchment and tributary samples were used to explore potential relationships between nutrient levels in valley sediments and the upper catchment characteristics of rainfall, geology, vegetation and land use (Table III) . Only those that demonstrated a significant relationship or notable trends are presented here. Significance was calculated using analysis of variance for the categorical variables of geology and vegetation type and using median regression analysis using for the linearly increasing rainfall and cattle density data.
Across the W-E climate gradient, the mean TN and ammonium concentrations showed a positive trend of increasing concentrations with precipitation (Figure 7a, 7c) . Regression analysis of median values showed this relationship was only significant for TN (TN p = 0 0.001, ammonium p = 0.725). In contrast, mean nitrate concentrations show a strong inverse relationship with rainfall ( Figure 7d ). Where mean precipitation exceeded 100-150 mm, mean nitrate values all fall between 3.8 and 8.4 ppm. In the driest areas (0-50 mm mean rainfall) the highest nitrate levels occur in the Kuiseb tributaries that drain the gravel plain of the Central Desert (mean = 165 ppm; Figure 2b ) and nitrate levels are therefore likely associated with catchment geology or the presence of desert sediment crusts. Crusts are found in Namibia's hyperarid gravel plains (Goudie, 1970) , and can be associated with increased levels of nitrogen (Graham et al., 2008) . TP levels show greater variance within mean precipitation ranges (Figure 7b) , with no distinct trend.
As shown in Figure 8 , catchment geology also has an influence on nutrient concentrations. The highest levels of bioavailable P and TP are associated with Damara igneous lithologies, with high levels of bioavailable P also associated with older units of Khoabendus and Haib groups of undifferentiated Precambrian metamorphic complexes ('oldest rocks' in Figure 8) .
However, only TP shows a significant relationship (p = 0.018). While not statistically significant, the elevated bioavailable P (p = 0.096), produced from the weathering of mineral phosphorus in rocks, could be explained by increased weathering and accumulation over the older lithologies. This assumes rock is exposed and available for weathering, as is commonplace across western Namibia (see photographs of catchments throughout Jacobson et al., (1995) ) in contrast to P-depleted old soils where no replenishing process is available (Walker and Syers, 1976) . Bioavailable Fe shows no lithology-driven trends (p = 0.463) and the iron contribution to fluvial sediments is therefore expected to occur ubiquitously from all upper catchment geological regions.
In terms of vegetation types across the upper catchments, the highest mean levels of TN are associated with the Karstveld, highland shrubland and western highlands (p = 0.017) (Figure 9a ). These vegetation assemblages are found in the east and northeast regions of the study area (Figure 2b) , which also experience the highest annual rainfall (Figure 2a ). TP had a strongly significant relationship (p = 0.001) with vegetation type classifications and Mehlich P showed a weaker correlation (p = 0.051). Phosphorus levels (Figures 9b, 9c ) decrease as vegetation density and assemblage complexity increase. The vegetation-bare central desert contains the highest P concentrations, which then decrease up and over the increasingly vegetated escarpment. This could suggest that rock-derived P is accumulating in sediments below the escarpment, where the aridity prevents full vegetative uptake of P. It is noted that the western highlands sample locations also fall within the oldest rocks lithology (Figures 2b, 2d) , which may explain the increased P levels (Figures 9b, 9c ) compared to other plateau vegetation types. No other nutrient showed any significance against vegetation type.
Agricultural and non-agricultural land use classifications (Figure 2c ) did not show any clear relationships with nutrient levels. Cattle stocking density data were used as an indicator of land use intensity ( Figure 10 ) and showed increasing TN as animal intensity increased from one to eight animals per kilometre, with a significant correlation (TN p = 0.031 versus p = 0.305 for NH 4 ) (Figure 10a) . However, the levels of nitrogen compounds associated with animal waste (NH 4 + and NO 3 À ) do not support increasing TN levels as a result of cattle densities. While ammonium concentrations showed a similar trend to TN (Figure 10b) , there was no significant relationship (p = 0.305). Nitrate can be seen to not alter in association with cattle density (Figure 10c , p = 0.46). Levels of phosphorus that would also be expected in association with animal waste showed no relationship with increased animal density (TP p = 0.571, Mehlich P p = 0.145). The results suggest that the N and P cycles of the upper catchments are not measurably altered by cattle density. The stocking densities themselves are low -a reflection of the aridity of the grazing lands. No major difference in stocking densities exist between communal and freehold agricultural lands (Figure 2c ), as both land users sustain their cattle herds over large grazing areas, whether they be fenced or unfenced (Sweet, 1998) .
Discussion
The mean nutrient levels across the upper catchments of the three systems are summarized by river valley in Figures 11 and  12 , showing broadly similar TP and TN and bioavailable nutrients. The greatest variability in nutrient concentrations is seen in the largest upper catchment, the Huab, and the least variability in the smallest catchment, the Tsauchab. Our results suggest that the N cycle is dominated by rainfall (Figure 7 ) and, most (Figure 9 ), due to higher levels of vegetation productivity and associated rates of organic matter decomposition increasing soil nitrogen levels (Post et al., 1985) and biological N 2 fixation by leguminous acacia (Hogberg, 1986) endemic to Namibia. On the micro-scale this has been demonstrated in the sparsely vegetated lower Namib, with higher concentrations of soil nitrogen found beneathand in direct association with -individual plants (Abrams et al., 1997) . The P cycle appears to be dictated by geology (Figure 8 ) and supported by extant weathering processes in the upper catchments. The weathering of rock outcrops in the Namibian escarpment, highlands and Namib Desert is known to have occurred through the Pleistocene and continues to this day (Bierman and Caffee, 2001; Viles, 2005) , ensuring P availability. Phosphorus levels would therefore seem to be influenced by natural processes and not impacted by anthropogenic activities that can alter the P-cycle (Filippelli, 2008) . Land use was not a discernible identifier of any nutrients, with the increased TN levels associated with cattle density explained by higher rainfalls and subsequent increased biomass dictating higher carrying capacities for cattle. This is supported by the first-order vegetation determinant of rainfall seen in the Hoanib (Leggett et al., 2003a) .
Nutrient enrichment of fine channel deposits is occurring down the hydrological system of each river ( Figure 5 ). This extends to the lower system sediments of the Kuiseb and Tsauchab, but the highest concentrations in the Huab occur in the middle reaches of the system due to topographical factors affecting channel behaviour. Although the Tsauchab has a particularly small catchment, this clearly does not inhibit the development of zones of higher nutrient concentrations in fluvial sediments (TN, Figure 12 ). This may indicate that biological production and processes play an important role in the nitrogen cycle in this desert system, as proposed by Jacobson et al. (2000) for the Namibian ephemeral rivers and as observed in other desert landscapes (Gallardo and Schlesinger, 1992; Zhang and Zak, 1998) . It is noted that many uncertainties remain, as the N cycle in arid environments is complex, down to the N-transforming gene expression in soil microbial communities that is dependent on a range of environmental conditions (Kidron et al., 2015) .
A key finding is that bioavailable Fe content is enriched in the fine channel deposits that are known to emit dust (Vickery et al., 2013) . Most importantly, this increase in bioavailable Fe was seen across all river valleys and could not be specifically correlated with any geological (Figure 8 ) or other catchment characteristic. This would suggest that fluvial processes in the ephemeral river valleys are serving to accumulate bioavailable Fe from iron-containing minerals and iron oxidecoated quartz grains (White et al., 2007) , and from rock erosion and sediment production across the catchment (Bierman and Caffee, 2001 ). The river channels below the escarpment have been shown to contain nutrient-enriched sediments, associated with their hydrological regimes (Jacobson and Jacobson, 2013) , in comparison to the surrounding desert, and these are essential to primary and secondary production in the terrestrial riverine ecosystems (Jacobson et al., 2000) . It is now apparent therefore that fluvial transport, including in the past , generated nutrient-enriched deposits of fine sediments in the dust-emitting reaches of the river valleys.
Lower valley sediments have been investigated according to geomorphological units for nutrient content and grain size in Dansie et al. (2017) . Ephemeral flow events have supplied suspended sediment, derived from the upper catchments, as well as material reworked from existing fluvial (valley fill) deposits. When flow events subside, suspended sediment is deposited where ponding occurs in the valley and within the incised channels, concentrating nutrient levels. Wind erosion and saltation impacts then cause deflation during suitable aeolian events (Shao et al., 1993; Wiggs and Holmes, 2011) , resulting in dust plumes emanating from the river valleys (Vickery, 2010; Vickery et al., 2013) . It is therefore highly likely that these sediments provide sources of nutrient-enriched mineral aerosols that could fertilize the adjacent South Atlantic.
As there are 12 ephemeral E-W valleys in the west coast zone of Namibia (Table I) , it is useful to consider the wider relevance of this study. Given the comparability of nutrient trends in the investigated valley systems, it is proposed that similar valley nutrient enrichment profiles can be expected in the region as a whole. Since all the valleys emit dust plumes (Vickery et al., 2013) , it is proposed that collectively they make an important contribution to ocean fertilization. The Tsondab is a system that is highly comparable in all characteristics to the adjacent Tsauchab. The Kuiseb represents the geology common to the Swakop, Omaruru and Ugab catchments (Figure 2d ), and similar downstream P and Fe levels as a result of pedogenesis and geomorphological process could be expected. The Kuiseb and Huab are also representative of catchment vegetation and land use in these three catchments. One notable difference is the large human population of the Swakop catchment (Table I) , largely due to the location of the city of Windhoek on the southern upstream margins of the catchment (Figure 2c ). Nutrient concentrations in the lower dust-emitting sediments are not expected to be affected by this, owing to the physical barrier of the Swakoppoort Dam (Jacobson et al., 1995) along the tributary leading to the Swakop river. Lastly, in the north the Hoarusib and Hoanib are very similar in size, geologies and catchment characteristics to that of the Huab (Table I ; (Jacobson et al., 1995) .
Conclusions
We have shown that fluvial systems in the dust-emitting regions of the ephemeral river valleys of Namibia contain sediments that are enriched compared to their upper catchments. Most importantly, bioavailable Fe was found at the highest concentrations in these regions. Downstream enrichment occurred irrespective of the upper catchment climate gradient, geology, vegetation and land use investigated. This would suggest that similar enrichment processes of bioavailable Fe might be found in the remaining nine ephemeral river valleys of Namibia. In the upper catchments nitrogen was seen to correlate with the climatic gradient and terrestrial productivity, while phosphorus appears to be predominantly of geological origin, with no land use alterations detected in this study. Crucially, identification of the enrichment in all three river valley fluvial deposits, irrespective of upper catchment climate gradient, vegetation, land use or geology, would suggest a similar finding for the remaining nine ephemeral river valleys. Generation of downstream fluvial fines, enriched in bioavailable Fe and P and N-based macronutrients, would evoke consideration of the coastal ephemeral river valleys of Namibia as a significant emission source of nutrient-rich dust important for ocean fertilization. Ephemeral river systems may constitute a significant combined source of nutrientenriched and wind-erodible sediment if analogous geomorphological processes are considered at the global scale, the cumulative impact of which may be significant for global ocean productivity alongside the more frequently researchfocused palaeo-and ephemeral lake basin dust sources. and the John Fell Fund for providing partial support of fieldwork activities. We are very thankful to Prof. Kendra McLauchlan at the Department of Geography, Kansas State University, for assistance in undertaking the laboratory analyses and for feedback on the draft manuscript. We are extremely grateful for the generosity of Johanna von Holdt and the University of Cape Town for the provision of some additional lower Kuiseb samples to add to our investigation. The Gobabeb Research and Training Centre is thanked for their unwavering support and assistance in the field and for their selfless and tireless response in a major emergency. We thank the Namibian Ministry of Environment and Tourism for all their support and assistance, especially with access to field sites permitted under permit number 1788/2013. This research has been carried out in collaboration with the Natural Environment Research Council grant NE/H021841/1. 
